Since stelar polytropes are the self-gravitating equilibrium state in Tsallis non-extensive entropy formalism, while (pending controversy on cuspy cores) universal density profiles emerging from the Navarro-Frenk-White (NFW) numerical simulations seem to provide a reasonable fit to galactic dark matter halos, we find the structural parameters of those stelar polytropes having the same virial mass, same total energy and same maximal rotation velocity as NFW halos of virial mases 10 10 < M/M ⊙ < 10 15 . These "best fit" polytropes are characterized by central densities in the range: 3.7 × 10 −4 M ⊙ /pc 3 < ρ c < 1.2 × 10 −3 M ⊙ /pc 3 and polytropic indices very near n ≈ 4.8. Besides their reasonable agreement with observed velocity, mass and density profiles, these polytropes provide an empiric estimation of Tsallis non-extensive parameter q ≈ 1.2.
Introduction
Cold Dark Matter (CDM) models based on N-body numerical simmulations predict excessive substructure and cuspy dark matter halo profiles that are not observed in the rotation curves of dwarf and LSB galaxies (Moore 1994; Flores & Primack 1994; Burkert 1997) , also de Blok et. al. 2001a), and (de Blok 2003; D'Onghia & Lake 2003) , (Simon et. al. 2003) . The significance of this discrepancy with observations is still under dispute, leading to various theoretical alternatives, either within the thermal paradigm (self-interacting and/or "warm" DM, made of lighter particles), or non-thermal dark matter (DM) models (real or complex scalar fields, axions, etc). However, none of these alternatives is free from controversy and the usual model of colission-less WIMP's remains still the most favored model to account for DM in galactic halos (Primack 2001; Ellis 2002) . Since gravity is a long-range interaction and virialized self-gravitating systems are characterized by non-extensive forms of entropy and energy (Binney & Tremaine 1987) , it is reasonable to expect that the final configurations of halo structure predicted by N-body simmulations must be, somehow, related with states of relaxation associaed with non-extensive formulations of Statistical Mechanics.
The usual statistical mechanic treatment of self-gravitational systems is provided by the microcanonical ensemble, which is compatible with negative heat capacities associated with known effects, such as gravothermal instability (Padmanabhan 1990; Padmanabhan 2000 ). An alternative formalism that allows for nonextensive forms for entropy and energy has been developed by Tsallis (Tsallis 1999 ) and applied to self-gravitating systems (Plastino & Plastino 1993; Taruya & Sakagami 2002; Taruya & Sakagami 2003a) , under the assumption of a kinetic theory treatment and a mean field approximation. As opposed to the Maxwell-Boltzmann distribution that fol-lows as the equilibrium state associated with the usual Boltzmann-Gibbs entropy functional, the Tsallis functional yields as equilibrium state the "stelar polytrope", characterized by a polytropic index n. The stelar polytrope yields an MB distribution function (the isothermal sphere) in the limit n → ∞. This index is related to the "nonextensivity" parameter q of Tsallis entropy functional, so that the "extensivity" limit q → 1 corresponds to the isothermal sphere.
Although the self-gravitating collisionless and virialized gas that makes up galactic halos is far from the state of gravothermal castrophe, it is reasonable to assume that it is near some form of relaxational equilibrium characterized by nonextensive forms of entropy and energy. On the other hand, high precision N-body numerical simulations, perhaps the most powerfull method available for understanding gravitational clustering, roughly yield density, mass and rotation velocity profiles that seem to fit observed galactic halo structures (pending the controversy on excess substructure and cuspy density cores). Admitting that stelar polytropes follow from an idealized approach based on kinetic theory and an isotropic distribution function, it is still interesting to verify empirically if the structural parameters of the halo gas, or at least of the outcome of numerical simulations, can be adjusted to those of a stelar polytrope, the equilibrium state under Tsallis formalism. Hence, we propose to verify which stelar polytropes provide a suitable "best fit" to the dynamical variables of halos that emerge from the well known numerical simmulations of NavarroFrenk-White. For the wide virial mass range of 10 10 < M vir /M ⊙ < 10 15 , we compare NavarroFrenk-White (NFW) halos with stelar polytropes of the same virial mass, virial radius, total energy and maximal rotation velocity. Under these assumptions, the best polytropic fit to NFW halos is characterized by central densities in the range 3.7 × 10 −4 M ⊙ /pc 3 < ρ c < 1.2 × 10 −3 M ⊙ /pc 3 , with polytropic indices around n ≈ 4.8. Bearing in mind the gross idealization inherent in stelar polytropes, it is worthwhile remarking that these "best-fit" polytropes show very similar observable quantities (rotation velocities, mass distribution) as the NFW halos, but without the controversial central density cusps. Hence they might provide an even better empiric fit to halo structures than the usual NFW profiles. Furthermore, this polytropic fitting to NFW halos can be used to estimate the values of the free parameter q that emerges from Tsallis's formalism. Since the polytropic index is consistently close to n ≈ 4.8, we have q ≈ 1.2.
The paper is organized as follows: in section II we provide the equilibrium equations of stelar polytropes and briefly sumarize discuss their connection to Tsallis non-extensive entropy formalism. In section III we discuss the dynamical variables of NFW halos, while in section IV we obtain numerically the best-fit polytropes to NFW halos. A summary of our results is given in section V.
Tsallis entropy and stellar polytropes.
For a face space given by (r, v), the kinetic theory entropy functional associated with Tsallis's formalism is (Plastino & Plastino 1993; Taruya & Sakagami 2002; Taruya & Sakagami 2003a )
where f is the distribution function and q > 1 is a real number. In the limit q → 1, the functional (1) leads to the usual Boltzmann-Gibbs functional. The conditions δ S q = 0 leads to the distribution function that corresponds to a stellar polytrope characterized by the equation of state
where K is a function of the polytropic index n, and can be expressed in terms of the central parameters:
The politropic index, n, is related to the Tsallis's parameter q > 1 by
The stability condition δ 2 S q < 0 is only satisfied generically for polytropes with 3/2 < n < 5 (or q > 9/7), which are then stable equilibrium configurations. Polytropes with n > 5 are then meta-stable configuration which undergo gravothermal instability for sufficiently large density contrast ρ/ρ c (see (Taruya & Sakagami 2002; Taruya & Sakagami 2003a) ).
The standard approach for studying spherically symmetric hydrostatic equilibrium in stellar polytropes follows from inserting (2) into Poisson's equation, leading to the well known Lane-Emden equation (Binney & Tremaine 1987) 
where σ c and ρ c are the central velocity dispersion and mass density. Notice that the velocity dispersion is a meassure of the kinetic temperature of the gas by the relation: σ 2 c = k B T c /m, with k B being Boltzmann's constant,and that we are using a normalization for r 0 , which differs from the usual one by a factor 1/(n + 1). We find it more convenient to consider instead of (5) the following set of equivalent equilibrium equations
where M and Z relate to M, ρ (mass and mass density at radius r) by
Notice that in the limit n → ∞, equations (8) become the equilibrium equations of the isothermal sphere.
Once the system (8) has been integrated numerically, the rotation velocity associated to circular orbits follows as
where σ c can be given in km/sec. The gravitationl constant G, as well as the radial distance r in kpc and enclosed mass M (r) in solar masses are given (from (9)) in terms of x and M by r/kpc = 0.004220
Another important dynamical quantity is the total energy of the stelar polytrope (Taruya & Sakagami 2002) :
leading to
which must be evaluated at a fixed, but arbitrary, value of r marking a cut-off scale.
NFW halos
NFW numerical simmulations yield the following expression for the density profile of virialized galactic halo structures (Navarro,Frenk & White 1997; Mo,et al 1998; Lokas & Mamon 2001) 
where
Notice that we are using a scale parameter (y) that is different from that of the stelar polytropes (x). The NFW virial radius r vir is given in terms of the virial mass M vir by the condition that average halo density equals ∆ times the cosmological density ρ 0
where ∆ is a model-dependent numerical factor (for a Λ CDM model we have ∆ ∼ 100 
hence all quantities depend on a single free parameter M vir . The mass function and circular velocity follow from (14) by M (r) = 4π ρ r 2 dr and V 2 (r) = 4π G M/r, leading to
Given ρ and M , the gravitational potential and radial and tangential pressures follow from
which combine to
is the anisotropy parameter 0 ≤ |α| ≤ 1, so that α = 0 corresponds to an isotropic velocity distribution, since pressure is proportional to velocity dispersion. The parameter α is often taken as a constant in the range 0 < α < 0.2, or given by the more realistic empirical ansatz of Ostipov and Merritt (Lokas & Mamon 2001; Ostipov 1979; Merrit 1985) . The total energy for the NFW halo follows from the general expresion (12), where P should be obtained from the integration of (24) for a specific form of α. As shown by (Lokas & Mamon 2001; Matos,Núñez& Sussman 2004) , the curves of P = ρ σ 2 obtained from the Ostipov-Merritt ansatz are very close to those of the isotropic case (α = 0), hence we will consider henceforth only isotropic NFW halos. Although analytic solutions of (24) exist for α = 0 (see (Lokas & Mamon 2001; Matos,Núñez& Sussman 2004) ), we will use instead the evaluation of (12) obtained by (Mo,et al 1998) in which the leading term of the total energy is given by
where F 0 has the approximate values (Mo,et al 1998) : 27) and c 0 is given in terms of the virial mass by (19).
Polytropic fit to NFW halos.
In order to compare stelar polytropes to NFW halo models, it is important to make various physically motivated assumptions. First, we want both models to describe a halo of the same size, but since the virial radius, r vir , is the natural "cut-off" length scale at which the halo can be treated as an isolated object in equilibrium, "same size" must mean same virial mass, M vir , evaluated at the same virial radius, r v . Secondly, both same halo size models must have the same maximal value for the rotation velocity obtained from (10) and (21). This is a plausible assumption, as it is based on the Tully-Fisher relation, (Tully & Fisher 1977) , a very well established result that has been tested succesfully for galactic systems, showing a strong correlation between the total luminosity of a galaxy and its maximal rotation velocity. However, the Tully-Fisher relation can be shown (Avila-Reese et al. 2003) to have a cosmological origin associated with the primordial power spectrum of fluctuations (the so called "cosmological Tully-Fisher relation"), hence it is possible to translate the correlation between maximal rotation velocity and total luminosity to a correlation between maximal rotation velocity and total (i.e. virial) mass. Since, by construction we are assuming the polytropic and NFW halos to have the same M vir , their maximal rotation velocity must also coincide. Our third assumption is that the same sized polytropic and NFW halos, complying with the previous requirements, also have the same total energy computed from (26) and from (13) evaluated at the cut-off scale r = r vir with M (r vir ) = M vir . The main justification for this assumption follows from the fact that total energy is a fixed quantity in the collapse and subsequent virialized equilibrium of dark matter halos (Padmanabhan 1993) .
Since all structural variables of the NFW halo depend only on the virial mass, once we provide a specific value for M vir all variables become determined in terms of physical units by means of the scale equation (17). Polytropic halos, on the other hand, lack a closed analytic expression for mass, velocity and density profiles. In this case, equations (8) (or (5)) yield numerical solutions for these profiles expressed in terms of the three free parameters {ρ c , σ c , n}. The comparison of these profiles with those of the NFW halos requires that we find explicit values of these free parameters, so that the best fit conditions that we have outlined are met. Since we have selected three best fit criteria for three parameters, we have a mathematically consistent problem. The first constraint on {ρ c , σ c , n} follows by demanding that, for a given M vir characterizing a NFW halo, we have M (r vir ) = M vir for the polytropic halo obtained from the numerical solution of (8) with M and r given by (11). A second constraint on the polytropic parameters follows from equating E poly from (13), evaluated at r = r vir and M = M vir , with E NFW from (26). Having fixed two of the polytropic parameters, the third one can be fixed by demanding same maximal velocities in the curves for (10) and (21).
Following the guidelines described above, we proceed to compare NFW and polytropic halos for M vir ranging from 10 10 up to 10 15 solar masses. We find that the values for central density, ρ c , of the best fit polytropic halos are inversely proportional to M vir , while the values for the central velocity dispersion, σ c , are directly proportional to it (this is expected, since σ c is a scale parameter in self-gravitating systems). The politropic index, n, is almost constant for the selected range of M vir , showing a very small growth as M vir increases. This implies the same qualitative behavior of the Tsallis parameter q: it is also almost constant and is slowly increasing as the virial mass grows. It is worthwhile mentioning that the proportionality term K n in the polytropic equation of state (3) shows a very noticeable change, rapidily growing as M vir increases. All these results are displayed explicitly in table 1. The figures depict the mass profiles, figure 1 , the velocity profiles, figure 2, and the density profiles, figure 3, for the resulting best fit polytropes with M vir = 10 12 M ⊙ , juxtaposed with the same profiles for a NFW halo with same M vir . For other values of M vir the mass, velocity and density profiles are qualitatively similar to those displayed in these figures.
Conclusions
Motivated by the fact that stelar polytropes are the equilibrium state in Tsallis non-extensive entropy formalism, we have found the structural parameters of those stelar polytropes that provide the best fit for a NFW halos of virial masses in the range 10 10 < M vir /M ⊙ < 10 15 . The criteria for this fitting consists in demanding that the polytropes describe a halo having the same virial mass, virial radius, maximal rotation velocity and total energy as the NFW halo. These three conditions are sufficient to determine the three structural parameters {ρ c , σ c , n} of the best fit polytropes displayed in table 1.
It is important to emphasize that the criteria that determine the best fit polytropes are based on physically motivated assumptions: the virial radius and mass are the natural parameters characterizing the size of a given halo, same maximal veolcity follows from the Tully-Fisher law, while same total energy follows from the virilization process. However, the resulting best fit polytropes, constructed under these assumptions, have mass, velocity and density profiles that provide a good fit to observations Binney & Evans 2001) . As shown in Figure 1 , the mass distribution of the polytrope grows much slower than that of the NFW halo up to a large radius (100 kpc) containing the core and the region where visible matter concentrates. Hence, as shown by Figure 2 , the velocity profile of the polytrope is much less steep in the same region than that of the NFW halo. These features are consistent with the fact that NFW profiles predict more dark matter mass concentration than what is actually observed in a large sample of galaxies Binney & Evans 2001; Avila-Reese et al. 2003) . Also, as shown in Figure 3 , the best fit polytropes have flat cores, very similar to the flat isothermal cores observed in LSB galaxies (as a contrast, the cuspy cores of NFW halos seem to be at odds with these observations (Moore 1994; Flores & Primack 1994; Burkert 1997) , also Binney & Evans 2001) ). This flat density core is a nice property, which combined with reasonable mass and velocity profiles, qualifies these polytropes as reasonable (albeit idealized) models of halo structures. However, in spite of their nice theoretical properties (i.e. their connection to Tsallis formalism) and reasonable compatibility with observations, the stelar polytropes we have examined are very idealized configurations and so we are not claiming that they provide a realistic description of halo structures. Instead, we suggest that their nice fit with observations and thier connection with Tsallis formalism might indicate that the latter could yield useful information in understanding the evolution and virialization process of dark matter gases. Although it is necessary to pursue this idea by means of more sofisticated methods, including the use of numerical simulations along the lines pioneered by (Taruya & Sakagami 2003a) , the simple approach we have presented has already given interesting results. For example, the best fit polytropes are characterized by a polytropic index n ≈ 4.8, corresponding to an empiric estimation of Tsallis free parameter q ≈ 1.2. It is well known (Binney & Tremaine 1987 ) that stelar polytropes with n < 5 (like King halos) have a finite cut-off scale and finite total mass, though for the best fit polytropes that we have studied this cut-off scale is much larger than r vir (just as the "tidal radius" of King halos is much larger than their virial radius). However, as shown in (Taruya & Sakagami 2002; Taruya & Sakagami 2003a) , polytropes characterized by this polytropic index correspond to stable equilibrium states that are generically free from undergoing gravothermal instability. We believe these properties to be very encouraging and are currently engaged in a more detailed examination of these polytropes (Cabral-Rosetti et al. 2004 ).
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